Abstract. An electrofusion methodology for transferring meiosis-II chromosomes (M-II-t) has not been completely established. The present study compared the use of two temperatures (fusion at 37 C for Group A and 25 C for Group B) during an electrofusion procedure for mouse oocyte M-II-t and investigated the cytogenetic normality and developmental competence of embryos derived from in vitro fertilization using oocytes reconstructed by M-II-t. The M-II-t oocytes were fertilized in vitro and cultured to the blastocyst stage; the resultant embryos were analyzed cytogenetically. Subsequently, chromosomal normality of the resultant embryos at the prometaphase stage of first cleavage division and the integrity of the meiosis-II spindles of the reconstructed oocytes were analyzed. The success rate of electrofusion in Group B was 92.1%, which was significantly different from that in Group A (49.2%) (P<0.05). The fertilization rates (A, 80.7%; B, 77.2%) and development rates (A, 70.9%; B, 65.5%) in the M-II-t groups were significantly lower than those in the control group (95.0 and 92.2%, respectively) (P<0.05). The incidence of chromosomal abnormalities in the Group A embryos (20.5%) at the blastocyst stage was significantly higher than that in the control group embryos (8.5%) (P<0.05), but the incidence of chromosomal abnormalities in Group B (12.5%) was not significantly different compared with the other groups. A temperature of 25 C during the electrofusion procedure for M-IIt resulted in a good fusion rate, good development rate, and efficient production of chromosomally normal blastocysts. Furthermore, the incidence of chromosomal abnormalities in the first cleavage embryos at the prometaphase stage in Group B (9.6%) did not differ significantly from that in the control group (6.6%). The spindle morphology of the M-II-t oocytes in Group B was normal.
cells [5] and fusion media used affect the success rate of oocyte reconstruction [4] . Thus, it is difficult to establish an optimal electrofusion procedure for M-II-t.
T h e i n v i t r o c o n d i t i o n s d u r i n g o o c y t e manipulation should precisely mimic the in vivo conditions, since it has been suggested that the in vitro environment has an effect on embryo survival [6] . However, it has also been reported that electrofusion at room temperature instead of 30 C improves the efficiency of zona-free mouse nuclear transfer [7] . Therefore, we particularly focused on the temperature present during the electrofusion p r o c e d u r e f o r M -I I -t a n d c o m p a r e d t w o electrofusion procedures, one with fusion at 37 C and the other with fusion at 25 C.
The M-II-t technique enables nearly full genetic contribution of both parents to the future embryos, and it appears to be more flexible and efficient in boosting the implantation rate than oocyte cytoplasmic transfer [8] . Chromosomal analysis at the meiosis-II (M-II) stage of oocytes reconstructed by germinal vesicle transplantation followed by in vitro maturation has been thoroughly studied in animal models [1, 9] . However, little is known with respect to chromosomal normality of embryos derived from in vitro fertilization of oocytes reconstructed with M-II-t, in which karyoplasts, including chromosomes and the M-II spindle, are aspirated directly by a pipette in the presence of cytoskeleton inhibit ors and then f used to enucleated oocytes electrically [3] . Various chemical and/or physical influences may disrupt spindle integrity and chromosomal alignment, resulting in an aneuploid embryo [10] . Mature oocytes with an abnormal spindle, as can occur in h u m a n o o c y t e s m a t u r e d i n v i t r o [ 1 1 ] a n d cryopreserved oocytes [12] , result in some aneuploid embryos after fertilization. Marquez et al. [13] described that some of aneuploids are not able to develop to the blastocyst stage or to term. Future use of the M-II-t technique to assist human reproduction requires determination of the normality of chromosome complements in oocytes reconstructed by M-II-t and in the resultant embryos.
In the present study, we examined the effects of temperature on electrofusion for M-II-t using mouse oocytes and cytogenetically analyzed the embryos produced by M-II-t and IVF.
Materials and Methods

Animals
Female F 1 mice (BALB/c × C57BL/6J; 3-5 months of age) were used as oocyte donors. Rockefeller (RF) strain male mice, which have 38 chromosomes containing one pair of homological Robertsonian translocation chromosomes 38, rob (6;15), were used as sperm donors. Normal fertility has previously been demonstrated for RF males by mating them with Jcl/ICR (Clea Japan, Tokyo, Japan) and F 1 females; the blastomeres of the p r o d u c e d e m b r y o s w e r e f o u n d t o h a v e a chromosome complement of 2n=39, which was divided equally into every daughter cell [14] . RF males do not have compromised embryonic development or genetic disease traits. Therefore, we determined that RF males could be used to identify female and male chromosome groups at the prometaphase stage before syngamy. All experiments using mice in the present study were carried out according to the Guideline for Care and Use of Laboratory Animals at Utsunomiya University.
Oocyte collection and preparation of karyoplasts
To induce superovulation, females were intraperitoneally injected with 5 IU of equine chorionic gonadotropin (eCG) and then 5 IU of human chorionic gonadotropin (hCG) 48 h later. Cumulus-oocyte complexes (COCs) were obtained from the ampullae of the oviducts 14 h after hCG injection. The cumulus cells of the COCs were removed in phosphate-buffer saline solution containing 100 IU of hyaluronidase (Sigma, St. Louis, MO, USA). Then, the denuded oocytes were transferred to CZB-Hepes medium [15] containing 3% sucrose, 5% fetal bovine serum, and 7.5 µg/ml cytochalasin B (CB; Sigma) at 37 C. Enucleation was performed under an inverted microscope with Hoffman optics, which enables recognition of the M -I I s p i n d l e a p p a r a t u s e s , i n c l u d i n g t h e chromosomes. After lancing the zona pellucidae of the oocytes using a sharply pulled pipette, the M-II apparatuses of the oocytes were removed using a beveled glass pipette (inner diameter: 20 µm). The first polar body was aspirated to avoid fusion to the cytoplasts in the case of observation of an intact polar body. Karyoplasts from oocytes of an F1 female were transferred into the subzonal space of cytoplasts from other oocytes of the same female.
The success of enucleation was preliminarily checked by staining with 5 µg/ml of Hoechst 33258 (Sigma), and the success rate was 100% (37/37). After confirmation of enucleation, the experiments were conducted without Hoechst 33258 staining.
Electrofusion
In Group A, karyoplast-cytoplast complexes (Fig.  1a) were cultured in human tubal fluid (HTF) [16] in a CO 2 incubator for 30 min at 37 C and were then electrically fused at 37 C while in 50 µl of fusion medium (Ca-free CZB-Hepes medium) covered with mineral oil (Sigma). In Group B, the complexes were cultured in fusion medium for 30 min at room temperature (25 C) after transferring the karyoplast into the subzonal space, and then they were electrically fused at 25 C while in fusion medium. Electrical fusion was performed with a DC pulse of 2.0 KV/cm for 60 µs using an ET-3 GOKU (Fujihira Industry, Tokyo, Japan). Fusion of the complexes was observed within 20 min (Fig.  1b) , and complexes that failed to fuse had up to two episodes of electrofusion. The fused oocytes were cultured for 30-60 min in HTF medium containing 5 mg/ml bovine serum albumin (BSA; Sigma) and were then subjected to IVF or immunostaining of spindles.
In vitro fertilization (IVF)
RF male mice were euthanized by cervical dislocation, and the spermatozoa from their bilateral caudal epididymides were expressed into drops of HTF medium. IVF using RF spermatozoa was conducted according to our previously described methods [17, 18] . Electrically fused oocytes and control group oocytes were introduced into insemination media and cultured for 6 h in a 5% CO 2 incubator. Freshly ovulated oocytes obtained from the ampullae of the oviducts 16 h after hCG injection were used as the control group and were not subjected to removal of cumulus cells and cutting of the zona pellucidae. Zygotes having a second polar body were regarded as fertilized oocytes and transferred into Whitten 514 medium (Sigma) [19] containing 3 mg/ml BSA. They were then incubated to the blastocyst stage (96 h). Chromosome preparation was first conducted at the blastocyst stage and then was conducted at the prometaphase stage of the first cleavage in a later experiment.
Immunostaining of spindles
Fused oocytes were freed from the zona pellucida in 0.5% acid Tyrode's solution. The zonafree oocytes were fixed in 2% formaldehyde in CZB-Hepes medium (Sigma) with 0.02% Triton X-100 (Sigma) for 30 min. Microtubules were visualized using monoclonal anti-β-tubulin (Sigma) and subsequently FITC conjugated-anti-mouse IgG antibody (Sigma). DNA was detected using 20 µg/ ml of Hoechst 33258. These immunolabeled oocytes were mounted onto glass slides and examined using an Axiovert 200MOT-LSM with an ApoTome system (Carl Zeiss, Jena, Germany).
Chromosome preparation
Chromosome samples were produced following the method of Yoshizawa et al. [20] . Embryos that developed to the blastocyst stage were treated in Whitten 514 medium with 30 ng/ml vinblastine sulfate for 10 h and individually fixed onto individual glass slides. First cleavage zygotes were treated with 0.1 µg/ml colcemid for 5 h after 12 h of insemination [17] . In almost all of the zygote samples, female and male chromosomes separated at the prometaphase stage before syngamy. Each sample was air-dried for at least 1 week and stained using the C-banding method [17] .
Statistics
Statistical evaluation was conducted using the chi-square test to compare the rates of electrofusion, IVF and preimplantation development and the incidences of chromosomal abnormalities. Significance was assessed at P<0.05.
Results
The electrofusion success rates were 92.1% (290/ 315) for Group B and 49.2% (187/380) for Group A; the difference between the groups was statistically significant (P<0.05) ( Table 1) . Observation of the second polar body and pronucleus was conducted u n d e r a n i n v e r t e d m i c r o s c o p e 6 h a f t e r insemination. The IVF success rates were 80.7% (151/187) for Group A and 77.2% (220/285) for Group B (Fig. 1c) ; both of these rates were significantly lower than the IVF rate of the control group, which was 95.0% (302/318) (P<0.05). None of the unfertilized oocytes had a pronucleus. Therefore, we judged that they were not activated by electrical stimuli.
The rates of embryo development to the blastocyst stage after cultivation for 96 h were 70.9% (107/151) for Group A and 65.5% (72/110) for Group B (Fig. 1d, Table 2) ; both of these rates were significantly lower than that of the control group (92.2%: 201/218) (P<0.05).
The rates of normal diploidy per blastocyst examined cytogenetically were 79.5% (70/88) for Group A, 87.5% (42/48) for Group B, and 91.5% (97/ 106) for the control group (Table 3, Fig 2a) . The Group A rate was significantly lower than the control group rate (P<0.05); there was no significant difference between the Group B and control group rates. Haploidy (2.3%: 2/88), which was due to parthenogenetic activation and was of female origin as judged by the absence of the translocated chromosome, and hypodiploids (4.6%: 4/88) were only observed in Group A. The incidence of triploidy was significantly higher in Group A (12.5%: 11/88) than in the control group (3.8%: 4/ 106) but was not statistically significantly different from that in Group B (6.25%: 3/48). All of the triploids had two translocated chromosomes, which is considered evidence of polyspermy (Fig. 2b) . Some mixoploids were observed in all groups but the incidences did not significantly differ among the groups.
T (Fig. 3a) was similar to that seen in freshly ovulated oocytes (Fig. 3b) . The chromosomal arrangement of the reconstructed oocytes (Fig. 3c) was also normal in comparison with that seen in the freshly ovulated oocytes (Fig.  3d) .
To determine the reason for the decreasing development rates in the M-II-t groups, we analyzed the chromosomal complement of the M-II-t embryos at the prometaphase stage of the first cleavage. A high rate of normal diploidy (2n=39, Fig. 2c (Fig. 2d) , and 1 triploid and hypertriploid (1.2%). evidence of polyspermy. Although the zona pellucidae of the reconstructed oocytes had been cut, the incidence of polyspermy was not very high. The incidences of chromosomal abnormalities did not differ from those seen in the control group.
The triploid and hypertriploid embryos had one f e m a l e c h r o m o s o m e g r o u p a n d t w o m a l e c h r o m o s o m e g r o u p s t h a t i n c l u d e d e a c h translocated chromosome, which is considered
Discussion
Efficiency of electrofusion
In the present study, the electrofusion success rate was improved by conducting the procedure at 25 C. Ribas et al. [7] have also reported that electrofusion at room temperature (21 C) improves the efficiency of nuclear transfer in zona-free mouse oocytes. Neil and Zimmermann [21] have suggested that temperatures higher than 30 C accelerate the resealing process of the individual membranes in electrofusion and thus do not allow merger of the attached membranes to occur. Furthermore, when electropulses pass through conductive electrolyte medium, localized heating occurs and causes cell distress [22] . The results of the present study show that the electrofusion p r o c e d u r e s h o u l d b e c o n d u c t e d a t r o o m temperature to induce membrane fusion between karyoplasts and cytoplasts effectively and to minimize the heat damage associated with the electric pulses. Furthermore, the use of Ca-free CZB-Hepes medium as the electrolytic medium increased our success rates; this result is consistent with observations reported by Takeuchi et al. [4] .
Fertilization of reconstructed oocytes
In the present stud y, although the zona pellucidae of the reconstructed oocytes had been c u t , t h e f e r t i l i z a t i o n s u c c e s s r a t e o f t h e reconstructed oocytes was significantly lower than the rate in the control group, which contained conventional IVF oocytes. Wang et al. [3] reported that the cortical reaction of reconstructed oocytes, which may be induced by electric stimulus, does not influence sperm penetration. On the other hand, the low fertilization and high polyspermy rates (discussed below) seen in the reconstructed oocytes in the present study were similar to the phenomenon observed in post-ovulatory aged oocytes [23] . In that report, it was confirmed that precocious exocytosis of cortical granules (CGs) alters oolemma receptivity to sperm, resulting in a reduced ability of oocytes to support sperm fusion or possibly to establish firm pre-fusion adhesions [23] . We speculate that the in vitro manipulation for 1.5 to 2 h required for nuclear transfer accelerated aging of the oocytes and that the aging adversely affected the fertilization rate of the reconstructed oocytes in the present study, even though cutting the zona pellucida permits a large amount of sperm to enter the perivitelline space.
In vitro development of reconstructed oocytes
The development rate in the M-II-t group was lower than in the control group. Kato et al. [24] and Otaegui et al. [25] have pointed out the cytotoxicity of microtubule and microfilament disrupting agents (nocodazole and CB) and their harmful effects on early embryo development. Tesarik et al. [26] reported that human M-II oocytes exposed to CB during the enucleation phase show a high frequency of multiple pronuclei; they claim that the resultant embryos may show compromised development. On the other hand, the development rate of electrically fused 2-cell rat embryos was similar to that found in control embryos [27] . Pulse strength (from 30-70 KV/cm) and duration (from 30-90 µs) do not affect the embryonic development of electrically reconstructed 2-cell mouse embryos [28] . Therefore, it would appear that the CB treatment might have negatively affected the developmental competence of the oocytes in this study. To improve the success rate, further investigations are needed that do not use any m i c r o f i l a m e n t d i s r u p t i n g a g e n t s d u r i n g enucleation.
Chromosomal normality of embryos derived from IVF using oocytes reconstructed by M-II-t
Embryos with chromosomal abnormalities decrease implantation rates and increase the risk of abortion and genetic diseases [29] . Recently, it has been reported that preimplantation genetic diagnosis for aneuploidy beneficially assists in estimation of the post-implantation competence of human embryos [30] . Therefore, it is important to conduct chromosomal analysis of embryos obtained from experimental animal models.
The incidence of chromosomal abnormalities in the blastocysts of the M-II-t groups was similar to that previously reported [14] . It is well known that the incidence of triploidy is higher in in vitrofertilized mouse embryos than in in vivo mouse embryos [18, [31] [32] [33] . In mouse IVF, the increase in triploidy is mainly caused by polyspermy [18, 31] . The incidence of triploidy at the blastocyst stage in Group A (fused at 37 C) was significantly higher than in the control group. These triploid blastocysts were derived from polyspermy as indicated by the presence of two translocated chromosomes. As stated above, post-ovulatory a g i n g o f o o c y t e s s h o w s t h a t p o l y s p e r m i c fertilization resulted from failed membrane block [23] . The results of the present study suggest that electrofusion at 37 C induced post-ovulatory aging and affected the oolemma integrity of some of the reconstructed oocytes, thus resulting in induction of polyspermy. In contrast, electrofusion at 25 C c a n i m p r o v e t h e f u s i o n r a t e a n d p r e v e n t polyspermic fertilization.
The incidences of aneuploidy in the present study were coincident with those of mouse embryos conventionally fertilized in vitro [18, 34] . M u n n e [ 3 5 ] [36] proposed that post-meiotic abnormalities in chromosomes, such as mosaicism, chaoticism, and multinucleation, are specific to non-murine mammalian embryos. There were no differences in the present study between Group A and the control group in terms of the incidences of haploidy, aneuploidy, and polyploidy at the prometaphase stage of the first cleavage and blastocyst stage. Furthermore, due to the presence of the spermatozoon marker chromosome, it was obvious that abnormal embryos in the M-II-t groups were derived from gamete aneuploidy and polyspermy. In the present s t u d y , t h e l o w i n c i d e n c e o f c h r o m o s o m a l abnormality in embryos at the prometaphase of the first cleavage was further supported by the results of spindle analysis, which showed that enucleation of the M-II spindle did not disrupt spindle integrity and chromosome alignment. This fact indicates that the M-II-t procedure that includes electrical fusion at 25 C and CB treatment does not, per se, induce chromosome abnormalities.
In conclusion, the results of the present study revealed that embryos derived from IVF using oocytes reconstructed by the described M-II-t procedure at 25 C do not show chromosomal abnormalities of female origin and that this M-II-t procedure can efficiently produce blastocysts with normal chromosome complements. It also showed that the present M-II-t procedure is useful for reciprocal exchange of nuclei between oocytes derived from young and senescent female mice without creating chromosomal abnormalities.
